Abstract--New and published experimental data on hydrothermally treated (2-kbar water pressure, 300-400~ natural clay minerals is used to construct phase diagrams in composition and pressure-temperature space which define the phase relations of mixed layering solid solution in dioctahedral (illitemontmorillonite) and trioctahedral expanding chlorite and corrensite-like minerals. Three major relations are established:
INTRODUCTION
Recent work on the clay mineralogy of sedimentary rocks, and the results of experimental studies which recrystallize natural minerals, have given rise to a general knowledge of the succession of mineral assemblages which are produced in argillaceous, aluminous, sedimentary rocks during the initial phase of metamorphism. The different types or forms of mixed layered minerals found in various diagenetic or epimetamorphic environments can be arranged into a more or less logical sequence which corresponds to variations in temperature and pressure affecting the minerals (Velde, 1972) . Experimental work in synthetic systems (Velde, 1969) can be correlated with the observations made on natural minerals. By using the simple synthetic system to establish a schematic phase diagram, one can account for the presence of the various mixed layered, potassic, dioctahedral aluruinous phases encountered in sedimentary and lowgrade metamorphic rocks. However, the simple synthetic system containing only K20, A120~, SiO2 and H20 cannot be used to describe adequately the details of the larger natural system which contains MgO, Na20, CaO, FeO, etc. The larger system will have phases present which do not occur in the more simple one; among these are the trioctahedral phyllosilicates. It is possible to locate the positions of the various phases in the larger systems by plotting the composition of natural minerals in the chemical coordinates of the system. This allows construction of a hypothetical phase diagram (Velde, 1972) . In order to test this hypothesis, natural minerals of known composition and structure were treated at various temperatures at 2-kbar pressure, in order to determine what phases crystallize from a given mineral assemblage. In this way, it is possible to establish the phase relations between illite and the various types of mixed layered dioctahedral and trioctahedral minerals which are associated in sedimentary rocks.
Initially, one must define a working vocabulary concerning the different types of mixed layered dioctahedral minerals. Essentially, four will be used here, based upon descriptions found in Brown (1961) , Reynolds and Hower (1970) and Weir and Rayner (1974) .
(a) Disordered interlayering: an average reflection lies between 10 and 14 • in the air-dried sample. Two reflections, < 10/~ and > 17 ~, are present upon glycolation.
(b) Ordered interlaying: the low-angle reflection lies between 10 and 14 ~, in the air-dried sample and is displaced to higher values upon glycolation, but remains between 10 and 17/~.
(c) Ordered interlaying with an ordering reflection (allevardite-type structure): the major reflection is found between 12 and 10.5 ~ in an air-dried sample. 264
Glycolation displaces this reflection in an amount proportional to the expandable material present. The ordering reflection can appear at times to be an integral multiple of the major reflection, but in most samples this is not the case. The ordering reflection will be near 27 • in the glycolated state.
(d) IMII-type interlaying: a 10.5A reflection is found for the air-dried sample. Glycolation produces two reflections, the most intense at slightly less than 10A and a less intense reflection towards 11 A.
The dioctahedral interlayered structure types (a), (b) and (c), have been described in sediments from deep drill holes [see Velde (1972) for a summary]. Type (d) has been found in a sequence of Cretaceous sedimentary rocks in Algeria (Leikine and Velde, 1974) in which the other types of mixed layered minerals can be found, Inspection of published X-ray diagrams suggests that this type of ordered phase is frequent, although not reported as a specific structural type.
Minerals which have a slightly greater than 14/k and ~29]~ reflection in the air-dried state, and 7.6-7.8, 15.2-15.5 and 30 33 ]~ reflections in the glycolated state, will be called corrensite-type interstratified minerals assumed to have a chlorite (>14A) and saponite component. A recent study which reports minerals with these characteristics is given by Shirozu et al. (1975) , and a general review is given by Kiibler (1973) . The same sequence of basal spacings without a 30-33 A ordering reflection will indicate the presence of what will be called here an expanding chlorite, a name which is imprecise. It is possible that such phases produced in the experiments are in fact ordered corrensite-type structures which do not show an ordering reflection (29-33 A) because of a relatively poor ordering. Heating samples containing these minerals (450~ for several hours) produces reflections at less than 14 A. These descriptions of chloriteexpanding minerals are very similar to those given by Martin-Vivaldi and MacEwan (1960) .
EXPERIMENTAL INFORMATION
Six samples of minerals and mineral assemblages have been used in the present study in order to follow CP2oz, organic-free sample. CP2oz and All, X-ray fluorescence and flame photometer; Ud, atomic absorption analysis, Laboratoire de Pttrographie. the evolution of the different dioctahedral mixed layered phases as temperatures are increased at moderate pressure.
The types of interlayering are (a) samples CP2 and B 1 ; (b) All, Ud and A 2; illite). GV. Mineral descriptions and partial chemical analyses are given in Tables 1 and 2. CP2 represents the very common assemblage of sedimentary minerals; illite, montmorillonite, kaolinite and quartz. The decarbonated sample still contains a high amount of CaO (5.03~0), a portion of which is tmdoubtedly present as exchangeable Ca 2+ ions in the montmorillonite. Sample B1 is a calcipotassic, disordered, mixed layered mineral. Samples A2 and All are ordered, mixed layered minerals which do have ordering reflections: A2 is potassic and and All, similar to allevardite and more precisely rectorite (see Brown and Weir, 1963) , is sodi-calcic, an interstratification of paragonite and calcic montmorillonite. Ud is a potassic, ordered, mixed layered mineral that is accompanied by a large amount of kaolinite. The expandable layers in the mixed layered mineral in sample Ud are probably beidellitic, since Mg and Fe are almost absent from the sample. GV is an illite which contains quite a lot of iron and Velde and Bystrtim-Brusewitz (1972) . Both are purified bentonites from Sweden. All is an allevardite from La Table, Savoie, France. Ud is a hydrothermal alteration product of a granite, Stockholm, Sweden. GV is an illite reported by Hower and Mowatt (1966) . Lines connect what are interpreted to be the same structural reflection. These are abbreviated as: Chl, (001) chlorite reflection; EXP3, expanding-chloro ite-vermiculite mineral, corrensite when 31 h reflection appears; Mi mica (001) reflection; K, kaolinite (001) reflection; MLa, mixed layered dioctahedral mineral first reflection; I0, ordered illite-montmorillonite IMII type; number 27 is ordering reflection for dioctahedral mineral in A; numbers 30-32 are ordering reflection for trioctahedral mineral in A; number >35 is ordering reflection for a three-layer, mica-montmorillonite mixed layered mineral. magnesium (5.96~o total iron, 2.0~MgO). It represents an illite rich in an R 2+ component. The experiments were performed in cold-seal type autoclaves. Pressures of 2 kbar were applied to the samples which were sealed in gold capsules with distilled water (silicate :H20 = 3:1 by weight). Temperatures were maintained for 60-80-day periods with observed fluctuations of less than + 3~ Even though the experiments lasted for relatively long periods of time, complete equilibrium between the minerals most likely was not attained. Continued mineral reaction has been observed after 6-month-long experiments (Velde and Bystrom-Brusewitz, 1972) and has been observed in 1-yr-long runs (Winkler, 1964) . However, the minerals formed during 2-month periods should indicate an approach to equilibrium assemblages found in natural systems. This statement is justified on the basis of the close similarity between the experimental results reported here and the changes observed to take place in natural diagenetic mineral assemblages as burial temperatures increase (Velde, 1972) .
The experimental results are presented in Figures  1-6 by showing the change of basal spacing of the minerals under glycolation as a function of the different temperatures of the experiments. The lines connecting the various spacings represent the evolution of a particular reflection for the same mineral as temperature changes. Diffractograms of samples in the air-dried state and those heated at 450~ for 1 hr helped to verify mineral identificaion. Thus, the distinction between kaolinite and chlorite 7 A reflections was made on the basis of kaolinite persistence at 450~ Chlorites, those with only a 7 A and those with both 7 and 14 A reflections, produced a single significant reflection at somewhat less than 14 A upon heating. Quartz was initially present only in sample CP 2 and became apparent in the lowest temperature experiments in A2, B1 and GV, but not in the experiments on samples Ud or All.
The general sequence of changes concerning the dioctahedral mixed layered phase can be summarized as follows:
(a) mixed layered, non-ordered, highly expandable < 300~ (b) mixed layered, ordered 50~ expandable 300-380~ (c) mixed layered, ordered with ordering reflection 50-30~ expandable 380-440~ (d) IMII-type mixed layered <20~ expandable < 460~
An 'expandable chlorite' phase was produced in samples CP2, Ud, B1, and All at temperatures between 320 and 440~ This phase has a reflection in air-dried samples of slightly less than 15 A, which expands to near 16h on glycolation. It is accompanied or superseded by a 14 A chlorite at temperatures above 400~ In some samples (Ud, A 2, CP 2), ordering occurs between chlorite and an expanding mineral, giving rise to a 30-32 A ordering reflection. This phase is called corrensite here.
The sample CP 2 contains 1.8 wt ~o organic materialS, FeO = 0.53 and Fe203 = 3.62wt ~o. In one series of experiments, untreated samples were used, with the result that the iron appeared to be reduced quickly by reaction with organic matter. This was seen by the dark grey color of the resulting charge. By contrast, in another series (CP 2oz) this material was initially treated with H202 in order to eliminate the organic matter present before the sample was subjected to hydrothermal treatment. The treated material gave a product after the experiments which was light tan in color in all cases. One can assume that a reasonable portion of the initial Fe203 remained unreduced in the charge for these experiments. A corrensitic mineral plus a 14 A chlorite was detected in CP 2oz. The untreated sample, CP 2 (which becomes an R2+-rich sample) forms a 7 A chlorite and the corrensitic phase, a 14 A chlorite is formed when corrensite is destroyed. The presence of a corrensitic phase plus a 14 A chlorite is assumed to be related to the R 3+ (Fe 3 +) content of the sample. The higher Fe 2 + content of sample CP 2 favors the production of a 7A chlorite. It appears that the 14A chlorite forms when the R 3 + component is released from the corrensite in the CP 2 untreated sample.
DISCUSSION
A simplified chemiographic representation of the clay minerals used and produced in the experiments of this study has been presented previously (Velde, 1972) . The compositions of natural minerals reported in the literature as they are projected into the M § Ra-2R3-3R 2 coordinates is shown in Figure 7 (a) (M + = Na + K + 2Ca, R 2 = Mg + Fe 2+, R 3+ = A1 + Fea+). SiO2 and H20 are present in 'excess' quantities). The major fields for illite, mixed layered illite-smectites, chlorite and kaolinite are indicated. Figure 7 (a) shows the phases formed at temperatures below 320~
where the expanding trioctahedral phase is produced [see Velde (1972) for a discussion of these phase relations and those at still lower temperaturesl.
The most important tie-lines in Figure 7 (b) are those between the expanding trioctahedral phase and the dioctahedral minerals. We see that the trioctahedral (expanding chlorite or corrensite) phase coexists not only with illite-montmorillonite and illite-beidellite minerals but also with illite alone. This latter tieline is based upon the experiments reported by Velde and Bystrom-Brusewitz (1972) , who used a natural corrensite as a starting material. This mineral contained 1.1~oK20 which allowed mica to form at 375~
The initial corrensite contains important amounts of A120 3 (16.6~o) and Fe20 3 (7~o in the silicate) which indicate a significant R 3+ component, as should be the case if it is to coexist with dioctahedral mica. Mineral assemblages will contain a phase of maximum expandability for specific pressures and temperatures when they have significant quantities of R ~+ ions (A1 or Fe ~+) present. For example, kaolinitic shale would contain minerals with maximum expandability for given pressure-temperature conditions because kaolinitic assemblages form invariant three-phase assemblages below aluminous corrensite stability. Those sediments or rocks which contain an important amount of Fe 2+ will tend to form 7 A chlorite at an early stage. The expandable interlayered dioctahedral phase will then vary more as a function of bulk composition than as a function of the physical conditions which it has experienced because it will be part of a two-phase bivariant assemblage.
The proposed phase diagrams of Figure 7 indicate the importance of the R 3 + component in the genesis of the expanding trioctahedral phase. Compositions towards the 2R 3 + pole of the diagram should produce this phase during the early stages of low-grade metamorphism. Mixed layered minerals and illite which do not coexist with an aluminous or ferric mineral initially (A2, B1, GV) will produce 7 A chlorite as the first new phyllosilicate mineral, and thus the tie-lines involving chlorite and illite are drawn in the figure. Higher temperatures eliminate the corrensite mineral in the other samples at high temperatures, and then chlorite alone coexists with potassic phases in all samples at high temperatures. We can thus explain most of the major groupings of the phases produced experimentally through the use of the chemiographic description in 2R3-3R2-MR 3 coordinates.
The phase relations presented in Figure 7 indicate that the assemblage illite-chlorite-kaolinite should not exist. Yet this paragenesis is frequently reported in sedimentary rocks. The explanation lies in the nonequivalence of the divalent ions Mg 2 + and Fe 2+. In Figure 7 , these elements are represented as R z+. In the experimental materials, both divalent ions are present in relatively important amounts (save CP 2oz, where the iron is trivalent and most likely remains so during the experiments). Should a new phase concentrate one of these ions preferentially to the other, it could be produced solely due to an important quantity of this ion in the bulk composition of the system. Thus, if the composition of a sedimentary rock were iron (Fe 2 +)-rich, it could include a fourth phase, ironchlorite, for example. This mineral would not occur if iron were present in a quantity inferior to that of magnesium. In order to make Figure 7 applicable to such a situation, a fourth component would need to be added; the system MR 3+ 2R3+-3Fe2+-3Mg would be more precise. In such a representation, fourphase assemblages are possible, such as kaolinite + illite + mixed layered + chlorite or illite + corrensite + mixed layered (dioctahedral) + chlorite. The chlorite present would be due to a segregation of iron into its structure in preference to Mg. In counterpart, the corrensite mineral concentrates magnesium. Both minerals can be highly aluminous since they can coexist with the aluminous phases kaolinite, illite and illite-montmorillonite mixed layered minerals. It is then possible, as we see in the case of samples B1 and CP2, to produce a chlorite and corrensite phase at the same temperatures. These samples are intermediate in their balance of R 3 + and R 2 + ions, containing no kaolinite initially but producing chlorite at intermediate temperatures. Sample A2 contains relatively more divalent ions (Fe z+) and forms 7A chlorite at an early stage. The difference between these samples is a shift in MR 3+ 2R3+-3R 2+ coordinates towards the 3R 2+ pole. The A2 composition is R 3 +-poor, Fe 2 +-rich, and then does not produce corrensite. In fact, the composition of corrensite probably extends continuously to the 3R 2+ side of Figure  7 , but will be magnesian. Using the above analysis, it is possible to construct a P, T-X section from mica through illite and mixed layered illite-montmorillonite towards the chlorite compositions. Such a diagram is proposed in Figure 8 . The major expanding phases described in the introduction are present as:
(1) Illite (Ill), a non-expanding, low-potassium, mica-like phase.
(2) Mixed layered solid solution (ML) from illite to fully expandable montmorillonite. These minerals are randomly interstratified.
(3) Mixed layered, ordered interstratification (MLo) without a superstructure reflection.
(4) Mixed layered, ordered with an evident ordering reflection (MLss).
(5) Interstratification <15~ expandable (Io). This corresponds to the IMII type interlaying.
The relations between ordered minerals with and without an ordering reflection are not well known. In meta-bentonites, it appears that ordering is more a compositional phenomenon than one influenced by P-T conditions (J. Hower, personal communication). However, at the upper stability limit of the mixed layered minerals, (~ 30~o expandable) chlorite and the IMII type interlayered mineral were produced in the experiments. This was interpreted as a result of high temperature.
The evolution of illite composition and structure as temperature increases is also outlined in Figure  8 . The solid solution towards aluminous and R 2 +-rich compositions decreases as temperature rises. In the experiments, this is expressed by the 'exsolution' first of quartz, then of chlorite. The evolution of illite, as indicated by the results using sample GV, was confirmed by experiments on other samples, which are not reported here, due to similarity of the results. The most striking fact is the early appearance of chlorite, near 300~ and the gradual increase in intensity of the 2M1, polymorphic reflections which become more evident as temperatures are higher and more chlorite is exsolved from the initial illite. Figure 8 indicates this change in the range of temperature conditions where the ordered, mixed layered phases are present at less potassic compositions. This evolution has been reported in natural samples by Dunoyer de Segonzac (1969) where a similar evolution in the illite polymorph and also a change in shape of the 001 reflection was observed in deep bore-hole samples and sequences of sedimentary rocks from orogenic zones. The change in mica polymorph and crystallinity clearly indicate that there are compositional changes in the illite structure, as shown in the phase diagram of Figure 8 . The definitions of anchimetamorphism and epi-metamorphism given in Dunoyer de Segonzac et al. (1968) as based on illite crystallinity would correspond roughly to the appearance of the allevardite-like minerals in the phase diagram, for the first term and to the micachlorite zone in the second.
NON-EQUIVALENCE OF Ca, Na AND K IONS Up to this point, no mention has been made of the fact that the samples which initially contain a mixed layered phase or montmorillonite have quite different alkali-alkaline earth contents. The expanding phases present evidently contain exchangeable Ca, Na or K ions. The micas or the mica portion of the mixed layered structure is either potassic (BI, A2, Ud) or sodic (All). Calcium ions will not find their place in phyllosilicate structures produced at the highest temperatures of the study because the stable micas are exclusively sodi-potassic. Calcium then must enter the aqueous solution as the micas are crystallized. The result of the exchange of calcium from solids to solution is to shift the bulk composition of the silicates away from the MR 3 pole as it projects into the MRa-2R3-3R 2 coordinates (Ca is considered as 2M + ions in the initial chemiographic positioning of the starting materials). Variations in caIcinm content of the starting materials do not appear to change the mineralogy of products formed by the hydrothermal treatment, and thus the phase relations appear to be independent of moderate variations in the amount of calcium present in the initial experimental charge. However, the liberation of calcium during the destabilization of montmorillonite or expandable phases in natural systems should produce solutions which could precipitate calcite where Pco2 is sufficiently high in the fluid.
The sample All is sodic, whereas most ordered mixed layered minerals in pelitic clay mineral assemblages are potassic. All produces a paragonite mica at high temperatures where the potassic phases produce illite. However, sample All does produce the same mineralogical sequence found in potassic sys-tems, but the R 2+ solid solution in paragonite is probably less important than in illite-montmorillonite minerals, and sodic montmorillonite is stable to higher temperatures than the potassic form. Minerals with the different types of interlayering--allevardite type and IMII--are present in both sodic and potassic systems, as are chlorites and corrensite. It is interesting to note that the small quantity of potassic mica initially present in the All sample was rapidly absorbed by the expanding mixed layered phase, and chlorite was exsolved at low temperatures.
CONCLUSIONS
It has been possible to establish the phase relations of illite and illite-montmorillonite mixed layered minerals through the use of experiments performed on natural minerals and mineral assemblages. The sequence of assemblages crystallized under various temperatures at 2-kbar pressure appears to simulate the sequences of mineral facies found in nature under diagenetic or epimetamorphic conditions. The relations between chemical composition and mineralogy which are established by this procedure should be useful in investigations involving the determination of relative grades of diagenesis or epimetamorphism.
An important observation made in the study is that two ordered, mixed layered minerals can be encountered in pelitic rocks of moderate diagenetic conditions: allevardite-type and corrensite-type structures.
Both K and Na will enter into mixed layered mica phases upon metamorphism, but calcium will be released into the aqueous solution up on the destabilization of the expanding structures. Calcium probably re-enters silicates as epidote under higher metamorphic conditions or could be precipitated from solution as calcite.
